The significant features of screw transmission are effort-saving and self-locking. Based on this, a screw-rod-type actuator is proposed, which is driven by a nut swung spirally together with piezoelectric transducers. The actuator consists of three parts: a nut fastened to a hollow cylinder, a precise screw rod, and two orthogonal piezoelectric vibrators worked on d 33 mode. The screw rod is forced to rotate and translate by traveling wave within the helical surface of nut, which is generated by two vibrators. First, the actuator's running mechanism is preliminarily illustrated. Second, modal analysis and optimal design of the stator are performed through finite element method. Finally, the prototype actuator is manufactured and tested. The experimental results have proven that this driving manner is feasible, and the main characteristics are as follows: the stable working frequency is about at 9.5 kHz, and the maximum no-load speed and output force are approximately 61 r/min and 2.1 N, respectively, under 300 V pp .
Introduction
In recent decades, many researchers have enduring interests in finding out the corresponding solutions to meet demands of precise positioning in micro and miniature devices. 1 One kind of them is utilizing piezoelectric-driven mechanisms, such as ultrasonic motors (USMs) and inchworm actuators. Their common features are as follows: compact structure, rapid response, high resolution, and so on, which are suitable for micro-electromechanical systems. 2, 3 So far, various piezoelectric actuators have been investigated. For example, Fernandez and Parriard 4 proposed a standing wave ultrasonic linear motor, improving the deformation amplitude and reducing the input parameter vibration ranges after the optimization stage. M.A. Erismis et al. 5 designed an inchworm actuator working in low voltage, which could provide large displacement and output force in in vivo biomedical applications. J.P. Li et al. 6 proposed a piezoelectric-driven rotary actuator by means of inchworm motion, and the designed actuator can realize large rotary ranges and speed with high accuracy. Besides the traditional actuators as given above, there is another kind of USM called as screw direct one. Professor Ueha first presented a linear USM directly driven by screw pair in 1989, while D.A. Henderson 7 made it practical by a screw-rod-type USM called SQUIGGLE motor in 2005, whose volume is only 1.55 mm 3 1.55 mm 3 6 mm and output force is 20 gf. At the same time, T.Y. Zhou et al. 8 proposed a nut-type USM and made it industrial, which could be integrated into the lens auto-focus system of camera. And then, J.T. Zhang et al. 9 first performed the theoretical analysis of screw-type actuator based on bending vibration in 2009 and proved that the screw rod was driven by both out-of-plane and in-plane traveling waves.
Among these piezoelectric actuators, the screw-type USMs are the simplest and most compact, so they are helpful to meet the needs of miniaturizing application, such as implantable drug pumps, mobile phone cameras, and automobile door lock system. Currently, most of these kinds of motors are driven by d 31 mode piezoelectric ceramic transducers, which are usually used as surface-mounted devices. Because their volumes are generally small, the transducer's capacity of electromechanical conversion is inadequate. Therefore, the output torque as well as the power of the actuator is limited. In addition, the patched piezoelectric ceramic is weak in tensile capacity, easily broken under highfrequency vibration. In response to these weaknesses of d 31 mode piezoelectric transducers, a linear actuator of screw type with double piezoelectric vibrators based on d 33 mode is proposed.
Structural design and working principle

Configuration of stator
The photo of a prototype actuator is shown in Figure  1 (a). Its stator mainly consists of two elastic vibrators and a precise nut fastened to a hollow cylinder, while the rotor is only a screw rod with high precision. The nut is set on one of the end faces of the hollow cylinder and matched with the rotor. In addition, a thin guiding cover is patched on the other end face of the cylinder, providing guidance for the screw rod. Two elastic vibrators are set perpendicular to each other in space and assembled with the hollow cylinder by interference fit through solid horn. The cross section of the solid horn is relatively less than that of the upper block in order to amplify the vibration displacement or velocity amplitude. 10 Both of the two vibrators are adopted Langevin configuration, that is, the fixed seat, upper and lower blocks, and piezoelectric transducers are all fastened together by a bolt, through which the preload to piezoelectric transducers can also be adjusted. Figure 1 (b) illustrates the alignment of piezoelectric transducers and their connection manner in detail. Each vibrator consists of four pieces of piezoelectric ceramics, and every piece is cut into two halves and aligned in opposite polarized direction. Every two pieces of ceramics in sequence are assigned to phase A or B and excited by high-frequency signal of sinusoidal voltage sin vt or cos vt. A single vibrator is designed to be symmetrical in order to reduce the dielectric loss, because the input impedance is low in this case. 11, 12 Here, the so-called symmetrical design means that the geometric parameters of the upper and lower blocks are the same. In addition, the two elastic vibrators have consistent modal frequency in theory because they are structurally identical to each other.
Working principle
Whether for phase A or B in each vibrator, a standing wave within the thin wall of cylinder can be generated independently under voltage excitation. Therefore, two standing waves are also obtained simultaneously through both phases A and B.
13,14 And a circumferential bending traveling wave can be achieved by the synthesis of the two standing waves, when the following conditions are met: (1) driving voltage is consistent in amplitude and frequency, (2) phase difference in time is just 6 p/2, (3) phase difference in space is p/2, and (4) bending vibration mode is appropriate. Assume that the displacement equation of the bending standing wave generated by phase A can be expressed as follows 
where d 0 is the amplitude of the point on the neutral surface, n is the number of pitch diameter, u is the angle in space, and v is the angle frequency of driving voltage.
Similarly, the displacement equation generated by phase B can be expressed as
Then, the bending traveling wave within the thin wall of the hollow cylinder is synthesized and expressed as the following equation
Based on the above analysis, the motion equation of any point P on the helical surface of nut can be derived. [15] [16] [17] The interactive relation of the nut and the screw rod is preliminarily illustrated in Figure 2 (a). In this diagram, the angle a is the thread angle of the screw pair and angle g or g 0 is the angle between the trajectory plane and the XY plane, where g 0 is the real angle and g the ideal one. The so-called trajectory plane is defined here as that in which driving points are located. For the actuator based on bending vibration, in this article, the end face of the hollow cylinder is the real driving surface, which means most of the driving points are concentrated within the XY plane. Ideally, if the ellipse trajectory plane is always kept perpendicular to the helical surface of nut during runtime, the electromechanical conversion efficiency will be satisfied. Therefore, the performances of the actuator can be improved to the greatest extent possible. At the moment, the angle g 0 is equal to g. And the relationship between angle a and g ought to meet the criteria as follows
For the screw-type actuator, the bending vibrations have to be passed to the helical surface of nut in order to drive the screw rod. That means only when the trajectory of the point within the helical surface is elliptical do the actuation be accomplished. Figure 2 (b) illustrates the forming of ellipse trajectory.
Assume that P(d,t) is an arbitrary point on the helical surface, and its original position before deformation is P 0 . In the ideal situation, that is, g 0 = g, the displacement equation can be expressed as follows
where h 0 is the distance measured between the driving surface and the neutral layer, and u is the deviation angle of the radial section before and after bending deformation. It is obviously very small. Therefore, equation (5) can be approximately expressed as d = w(x,t)sin(a/2). Substituting equation (3) into equation (5), the normal displacement of point P can be expressed as follows
And similarly, the tangential displacement equation of point P can be obtained as follows
Obviously, based on equations (6) and (7), we can draw conclusion that the normal and tangential displacements of the arbitrary point P meet the criteria of elliptic equation
So far, in the helical contact region of the nut and screw rod, the elliptical motion of points can provide tangential driving force for the rotor through friction, and then the screw rod is forced to rotate and move along the axial direction.
And then, by taking first derivative to equation (7), the tangential speed of point P on the helical surface can be obtained as follows
where the minus in equation (9) indicates that the vibrating direction of point P is contrary to the propagation direction of the traveling wave. Next, the coupling formulations of piezoelectric transducers and structures ought to be analyzed.
Electromechanical coupling model of the actuator
Based on Hamilton's Principle, the dynamic system of piezoelectric actuator can be expressed as follows
where L is the function of Lagrange and dW is the sum of virtual work done by the non-potential force. Their detailed explanations are as follows
In the above equation, E k , E p , and E e are, respectively, the kinetic energy of the transducer system, the potential energy of the system, and the power stored in piezoelectric ceramics
That is, dW includes virtual work done by not only the normal force F cn and tangential force F ct on the contact surface but also the equivalent exciting force of piezoelectric ceramics in the general coordinate system. For the screw-type actuator, the bending mode of the piezoelectric vibrator is adopted. According to vibration theory, the bending deflection of beam can be expressed as
where u B i (x) is the bending vibration mode, namely, the assumed mode of piezoelectric transducers, q B i (t) are the mode coordinates, and i is the mode order. Under this mode assumption, the dynamic model considering electromechanical coupling relation could be discussed. In the study by Zhao et al., 18 a utility method for parameter analysis and optimization is presented. Here, we adopt this method. According to equation (10), we analyze the Lagrange function L and virtual work dW separately.
First, the modal parameters used in the Lagrange function should be declared, so the variation in Lagrange function can be expressed by them. Based on equation (11), L includes three parts, that is, E k , E p , and E e . For the vibrator system, the kinetic energy is composed of two parts, which exists in elastic parts and piezoelectric ceramics. It can be expressed as follows
where M p is the modal mass of transducers corresponding to the modal coordinate. The potential energy of the system is also the sum of two parts, that is, pure mechanical potential energy V pp exists in piezoelectric ceramics and that of V pcp generated by electromechanical coupling effect. It can be expressed by the equation below
where T p and S p are the stress matrix and the strain matrix, respectively. The electric energy of the system is composed of two parts, too. They are electric energy that exists in piezoelectric ceramics and that generated by electromechanical coupling effect. The energy could be expressed as follows
where C p is the modal capacitor and C p = Ð Vp N T se e S N se dV , N se is the mapping operator from voltage to electric field, and P is a force coefficient and
T sm e T sm N se dV . Now, the variation in the Lagrange function can be obtained as follows
Then, we discuss the virtual work dW on the piezoelectric vibrator by the modal force. Based on equation (12) , dW also includes three parts, that is, dW F cn , dW F ct , and dW F q , which is done by F cn and F ct as well as F q . The former two items could be treated as the modal force.
The virtual work done by the modal force in the contact interface is
where p c is the normal force in the interface, t c is the tangential force, and A c is the surface area of the interface.
As
, substitute it into equation (18) ; then the normal force F cn and the tangential force F ct can be expressed as follows
The virtual work done by the exciting force of piezoelectric ceramics can be expressed as
where T p and S p are the stress vector and strain vector of piezoelectric ceramics, respectively. Then, the exciting force of piezoelectric ceramics can be expressed as follows
where P is a force coefficient and K p is the stiffness coefficient of piezoelectric ceramics. The accumulated charge in piezoelectric ceramics is
Therefore, the virtual work done by the nonpotential force can be expressed as follows
Now substituting equations (17) and (23) into equation (10), the dynamic equation considering electromechanical coupling relation can be obtained as follows
Based on the variation property, equation (24) can be solved if the equation below is met
where D p is the coefficient of modal damping. For the screw-type actuator working on bending mode, the dynamic equation can also be expressed briefly by modal parameters as follows
The above equations (24)- (26) provide theoretical reference for rod-type piezoelectric actuators to carry out simulation analysis and structural optimization, which work on bending mode.
Simulation analysis of stator
As is well known, both the material and structure parameters are crucial for stator as they will directly affect the output performance of the actuator. In order to reduce the mass and increase the torque density, duralumin is chosen as the material of hollow cylinder. In addition, adopting low-density metal is also good for the solid horn to ensure that most of vibration energy radiate efficiently from the front end face. The solid horn and upper block are designed as a whole and their diameter ratio is about 1:3, which can increase the magnifying coefficient of amplitude. 19 The material of the lower block ought to be a high-density metal, which is No. 45 steel in this article, which will improve the forward radiation power of vibrators. According to the stator structure design in Figure 1 , the modal analysis was performed by means of finite element method (FEM). 20 Figure 3 is the finite element model of stator established by ANSYS 12.0.
The model is based on the following assumptions or conditions: (1) thickness of the electrode sheet is ignored as it is only 0.05 mm, (2) mechanical boundary condition is a fixed constraint put on the end face of two vibrators, and (3) coupling voltage is set as zero at nodes in the electrode region.
Next, the effects of structure parameters on vibration will be discussed in detail by FEM. Figure 4 provides the influence of vibrator length on the maximum amplitude and modal frequency in first-order bending vibration. As the thickness of lead zirconate titantate (PZT) is 6 mm, the vibrator length is set as 26 and 36 mm as well as 46 mm, respectively. The results indicate that the modal frequency and amplitude both decrease with the increase in length.
From Figure 4 , when the vibrator length is 26 mm, the amplitude of the point within the end surface of the hollow cylinder is the largest. The maximum amplitude appears near the external circular surface (just like the red region shown in Figure 7(a) ), which is in the middle of two joints connecting the cylinder and vibrator. For the screw-type actuator, the real positions of driving points concentrate on the inner spiral surface of the nut, which is closer to the central line of the cylinder than the external circular surface. The analysis results indicate that the amplitude of the point within nut's internal surface is too small (approximately zero) to drive the screw rod efficiently, when the vibrator length is 26 mm. But if the length is changed to 36 mm, the amplitude of nut's point is large enough (more than 5.823 mm), although the maximum amplitude is not the largest. Therefore, the vibrator length finally is determined as 36 mm.
The other parameter to be discussed is the diameter ratio of the hollow cylinder. Figure 5 illustrates the simulation results, which are obtained under vibrator length of 36 mm and outer diameter of hollow cylinder of 30 mm. The diameter ratio varies and is set as 3:2, 15:8, and 5:2, respectively. The results show that the comparatively better performances of the stator occur under the condition that the diameter ratio is 3:2. In addition, during the analysis, an interesting phenomenon was found that the modal frequency is irrelevant to diameter ratio.
Finally, we discuss the impact of cylinder length. The preconditions for simulation are as follows: vibrator length of 36 mm, outside diameter of cylinder of 30 mm, and diameter ratio of 3:2. The cylinder length is set as three sizes: 12, 16, and 20 mm. Figure 6 provides the simulation results. It shows that the modal frequency decreases with increasing cylinder length, but the maximum amplitude occurs at the condition the cylinder length is 16 mm. So, the optimal length for the hollow cylinder can be determined as 16 mm.
Based on the above simulation results, the stator's structural parameters are decided and illustrated in Table 1 in detail.
In the frequency range of 0-37 kHz, the modal analysis of the stator is performed by means of the block Lanczos method, and the first 16 orders of mode shapes and their frequencies are calculated. The frequency results are shown in Table 2 in detail.
On the basis of the above simulation, there are a total of three orders of bending vibration mode existing in the frequency range of 0-37 kHz, and their modal shapes are shown in Figure 7(a)-(c) , respectively.
Generally, the modal shape with no pitch-circle ought to be selected as the working mode of the actuator. Besides, the vibration frequency should not be too high, due to the higher resonant frequency, the bigger vibration attenuation, and the larger energy loss of piezoelectric transducers. 21 Therefore, the first-order mode of bending vibration is determined as the working mode of the stator, and the modal frequency is 9.801 kHz. And the whole modal shape of bending vibration is shown in Figure 8 .
Experiment and discussion
Experimental analysis
The prototype actuator has been manufactured as shown in Figure 1 , where the precise nut and screw rod are NTFL10 3 40 and FAB10 3 100 made in MISUMI Corporation, and the material is SUS304. The piezoelectric transducers belong to PZT-4 series. Figure 9 shows the testing system for the screw-type actuator.
It mainly includes a double-channel arbitrary waveform generator (RIGOL DG4102), power amplifier (Tabor 9200 A), laser micrometer, push-pull dynamometer, air-bearing table, prototype actuator, and so on. The main performance of the actuator, such as output speed and force, can be measured by this testing system. Figure 10 is a curve describing the output speed versus driving frequency of the actuator. The driving frequency is regulated in the range from 9.0 to 10.0 kHz. The results indicate that the maximum speed of the actuator is 61 r/min and the real optimal working frequency is 9.5 kHz.
The theoretical maximum rotary speed of the actuator should be limited by the driving point's velocity in circumferential direction within nut's inner spiral surface. If there is no relative slip occurring in the driving point, the rotor can get the maximum linear velocity. This is determined by equation (9), and the maximum tangential speed can be expressed as follows
Converting linear velocity into rotary speed, the maximum rotary speed of the actuator in theory can be obtained 
Compared with the tested result, the mechanical conversion efficiency of this actuator can be simply valuated by equation (26). It is not satisfied and to be improved later h = 61 142:69 3 100% = 42:75% ð29Þ Figure 11 illustrates the relationship between the driving voltage and the axial output force as well as the rotary speed. The measuring conditions are also shown in this figure.
It can be seen that when the voltage varies from 0 to 300 V, both the axial force and rotary speed of the screw rod grow linearly. The maximum output force of the actuator is approximately 2.1 N under 300 V pp . In addition, the tests are made through push-pull dynamometer; experimental results indicate that the pull force is in good agreement with that of push. And the maximum speed is 61 r/min under 300 V pp .
For any actuator, the most important performance index is the mechanical characteristic. That means the relationship of the output force versus the rotary speed ought to be identified by measurements. The testing conditions are as follows: V pp is 300 V, the driving frequency is locked at 9.5 kHz, and the phase difference is 90°. The approximate testing results are shown in 
Results and discussion
The real working frequency of the actuator is measured at 9.5 kHz, corresponding approximately to 9.801 kHz calculated by finite element analysis and slightly lower than the simulation result. The difference is mainly caused by uneven clearance that existed in conjunction with the solid horn and the hollow cylinder.
The maximum axial force is only 2.1 N under the highest driving voltage. It is too weak for an actuator to be satisfied. The major reason is that the driving points are extremely close to the axis of the screw rod because the structure design like prototype is inevitably limiting all driving points within the helical surface of a small nut. During the experimental process, it is found that the driving capacity in the peripheral area (including end face and outer circle) of the cylinder is much larger than that of the central area. Next, in order to make full use of driving capacity in outer edge and end face, the structural design will be improved. For instance, an extra rotor could be set between the screw rod and the cylinder. The rotor is a flat barrel with a taper hole, which contacts a cone cylinder under certain preload. Under this condition, the rotor can be driven by traveling wave whether in-plane or out-of-plane.
In addition, there is comparatively loud noise during the testing process. It is perhaps brought about by the following reasons: (1) the driving frequency is only 9.5 kHz and beyond ultrasonic frequency range, (2) the traveling wave is impure because of the poor consistency on the modal frequency of two vibrators, (3) lack of guidance caused by short cylinder, and (4) lateral vibration of screw rod might exist.
Conclusion
A linear piezoelectric actuator of screw type with double vibrators based on d 33 mode is proposed, and the driving mechanism is preliminarily analyzed. The elliptic equation of the driving point's trajectory within the driving surface is simply derived, and the modal analysis of the stator is performed by FEM. The first-order mode of bending vibration is finally determined as the working mode of the actuator. The theoretical modal frequency is 9.801 kHz and that of the real is 9.5 kHz. The prototype actuator is manufactured, and the main output performances are measured on the corresponding experimental system. The tested results show that this screw-type actuator is capable of continuous operation. The rotating direction can be achieved by regulating phase difference at 6 90°, and the output force as well as the rotary speed can be adjusted through driving voltage. The stable working frequency is about 9.5 kHz and the maximum axial force output from the screw rod is 2.1 N. In the condition of no-load, the maximum rotary speed and output force are 61 r/min under 300 V pp and 9.5 kHz, respectively.
The experimental results show that double vibrators of d 33 mode can effectively generate circumferential traveling wave within a hollow cylinder and then drive a screw rod directly through the helical surface of a nut. It is proved that this driving manner is feasible, and the research works have a certain reference value for utilizing precise screw pair in miniature devices.
